few studies regarding the immune response to the influenza vaccine among only long-term allo-HSCT survivors, and it remains unclear whether any factors are associated with the serological response in this population. Therefore, the present study evaluated long-term allo-HSCT survivors vaccinated at >1 year after transplantation, to identify factors that might predict their immune response to trivalent inactivated influenza vaccine (TIV).
Patients and methods

Patients
This retrospective study examined consecutive allo-HSCT recipients who received the TIV as outpatients between November 2013 and December 2013. The eligibility criteria were: (a) age of >18 years; (b) Eastern Cooperative Oncology Group performance status of 0-2; (c) sufficient heart, lung, liver, and kidney functions to permit administration of the vaccine; (d) vaccination at >1 year after allo-HSCT; (e) no treatment using intravenous immunoglobulin within the previous 3 months; and (f) no suspected allergies to the ingredients of the vaccine. In accordance with the tenets of the Declaration of Helsinki, all patients provided their informed consent for treatment.
Study design
The design of this retrospective study was approved by the institutional review board of the Hamamatsu University School of Medicine. The patients received a single 0.5-mL dose of the TIV (KAKETSUKEN, Kumamoto, Japan) via hypodermic injection. The TIV contained 15 μg of hemagglutinin protein from each strain: A/California/7/2009 (H1N1) pdm09, A/Texas/50/2012 (H3N2), and B/Massachusetts/02/2012. Each milliliter of the vaccine included formalin (0.01 w/v%), thimerosal (0.005 mg), sodium chloride (8.1 mg), hydrogen phosphate sodium hydrate (2.5 mg), and potassium dihydrogen phosphate (0.4 mg). A baseline hemagglutination inhibition (HAI) test was performed before the vaccination, and the humoral responses to the three antigens (H1N1, H3N2, and B strain) were evaluated 28 days later, as previously described [18] . Laboratory data regarding immunological markers were also collected before the vaccination. Blood samples were obtained before the vaccination, and standard immunofluorescence tests were performed in a reference laboratory to obtain counts of CD3 + , CD4 + , and CD8 + T cells, as well as counts of CD19 + and CD20 + B cells. The cutoff immunoglobulin levels for comparing patients with or without a response to the TIV were selected based on a previous study's findings [12] . All patients were monitored for safety and adverse events, and any injection site or systemic reactions during 28 days after the vaccination were recorded. We also evaluated patients for a new diagnosis or worsening of GVHD after the vaccination. Chronic GVHD was diagnosed using clinical and/or histological evidence, based on the standard criteria [19] .
Definitions of the TIV response and responders
Serological response was assessed using seroconversion rates and seroprotection rates. Seroconversion rates were defined as the percentages of patients with a 4-fold increase in their post-vaccination titers, compared to their baseline titers. Seroprotection rates were defined as the percentages of patients with a post-vaccination titer of at least 1:40. In this study, "responders" were defined as patients with a serological response to the influenza vaccine, which was based on the achievement of seroconversion and/or seroprotection for at least one influenza antigen at 28 days after the TIV vaccination.
Statistical analysis
Categorical data were compared using the χ 2 test or Fisher's exact test. Continuous data were compared using Wilcoxon's rank-sum test. Factors that exhibited a P value of <0.05 in the univariate analysis were included in the multivariate logistic regression model. All statistical analyses were performed using the SPSS software (version 21.0; SPSS Inc., Chicago, IL, USA).
Results
Patient characteristics
Twenty-seven allo-HSCT recipients (13 patients with acute myeloid leukemia, 12 patients with acute lymphoblastic leukemia, and 2 patients with myelodysplastic syndrome) were vaccinated between November 2013 and December 2013. The clinical characteristics of the patients are shown in Table 1 . The median patient age was 42 years (range 19-60 years), and the median time from transplantation to vaccination was 4.3 years (range 1.0-10.1 years). Six patients (23%) received cord blood transplantation. Twelve patients (44% of all patients) had chronic GVHD at the vaccination. Among these patients, five patients had mild chronic GVHD and seven patients had moderate chronic GVHD. No patients had severe chronic GVHD. Seven patients (26%) were receiving calcineurin inhibitors at the vaccination (three patients received a calcineurin inhibitor and mycophenolate mofetil, and four patients received a calcineurin inhibitor and corticosteroids). A prednisone dose of 5-10 mg/day was added to the calcineurin inhibitor treatment for chronic GVHD. We did not detect any patients with uncontrollable active chronic GVHD despite immunosuppressant treatment. Twenty-five patients (93%) had already received at least one influenza vaccine after allo-HSCT. At the vaccination, five patients exhibited lymphocyte counts of <1000/μL. Eleven patients exhibited a CD4 + T-cell count of <500/μL, and 10 patients exhibited a CD8
+ T-cell count of <500/μL. Three patients exhibited IgG levels of <4 g/L, 3 patients exhibited IgA levels of <0.5 g/L, and 8 patients exhibited IgM levels of <0.5 g/L.
Serological response to the TIV
Nineteen patients (70%) achieved a serological response (seroconversion and/or seroprotection for at least one influenza antigen at 28 days after the TIV vaccination). The seroconversion and seroprotection rates for A(H1N1), A(H3N2), B, and for all three influenza antigens after the vaccination are summarized in Table 2 .
Factors associated with a serological response
The associations of the clinical and biological characteristics with a low serological response are shown in Table 3 . Low serological response to the TIV was significantly associated with calcineurin inhibitor treatment (P = 0.01), moderate chronic GVHD at the vaccination (P = 0.01), and IgM levels of <0.5 g/L (P = 0.002) ( Table 3 ). The patients without a serological response to the TIV tended to have all grades of chronic GVHD at the vaccination (P = 0.09). The donor source for the allo-HSCT, patient age at the vaccination, time from allo-HCT to vaccination (1-2 years vs. ≥2 years), lymphocyte counts, IgG levels, and IgA levels were not significantly associated with the serological response to the vaccination. Multivariate analysis revealed that IgM levels of <0.5 g/L at the vaccination were an independent predictor of a low response to the TIV at >1 year after the transplantation (hazard ratio 19.6; 95% confidence interval: 1.16-330.8, P = 0.04) ( Table 4) . None of the patients experienced an influenza infection during the 6 months after the vaccination.
Safety
Three patients experienced a localized reaction at the injection site. We did not observe any cases of systemic reactions (e.g., myalgia, fever, headache, or fatigue). None of the patients showed a new diagnosis or worsening of chronic GVHD after the vaccination.
Discussion
Improvements in the best practices and supportive care for allo-HSCT recipients have contributed to better outcomes and an increasing number of long-term allo-HSCT survivors. However, long-term survivors who have chronic GVHD and/or are receiving immunosuppressive therapy experience delayed immune reconstitution, and influenza virus infection can lead to fatal complications (e.g., pneumonia) in these patients. Therefore, vaccination against influenza infection is an important method for optimizing the long-term outcomes after allo-HSCT. Previous studies have revealed that a shorter interval from transplantation to vaccination, rituximab administration during the year before vaccination, lower absolute CD19-positive cell counts, and the existence of active GVHD with immunosuppressive treatment or chronic GVHD at baseline were associated with a reduced response to the influenza vaccine [12] [13] [14] [15] . However, 23-26.8% of the patients enrolled in the previous studies were vaccinated at <1 year after transplantation [12, 13] . Therefore, the factors that influence the immunogenicity of the influenza vaccine among only long-term survivors have not been clearly elucidated. In the present study, we found that serum IgM levels of <0.5 g/L at the time of vaccination were a significant independent predictor of a lower response to TIV among long-term survivors vaccinated at >1 year after allo-HSCT.
Unfortunately, it is difficult to compare our results with rates of serological response to the seasonal influenza vaccine from previous reports, based on differences in the definition of "response" and the use of different vaccine types (e.g., different strains of the influenza virus and adjuvant or no adjuvant) and administered doses (one dose vs. two [13] . In that study, the response rate was 51.2% among all patients, compared to 38.7 and 69% among patients vaccinated at 1-2 years and >2 years after allo-HSCT, respectively. We observed similar seroprotective rates for the H1N1 antigen among all patients and patients vaccinated at >2 years after allo-HSCT (59.3 and 54.5%, respectively). However, our seroprotective rate for the H1N1 antigen was noticeably higher for patients vaccinated at 1-2 years after allo-HSCT, compared to that from Issa et al.'s study (80 vs. 38.7%) [13] . This discrepancy may be related to the relatively small proportion of patients vaccinated at 1-2 years after allo-HSCT in the present study (19.0 vs. 37.8% in Issa et al.'s study). We observed that serum IgM levels of <0.5 g/L were a significant predictor of a poor serological response to the influenza vaccine among patients vaccinated at >1 year after allo-HSCT. Given that the data regarding IgM levels are easily accessible in the clinical setting, this marker may help predict individual patients' immune responses to the influenza vaccine. Interestingly, serum IgG and IgA levels were not associated with the response rate to the vaccine in the present study. Mohty et al. reported a significant relationship between serum immunoglobulin levels and a serological response in their univariate analysis [12] , as well as a trend towards a lower response rate among patients with serum IgM levels of <0.5 g/L in their multivariate analysis; these results support TBI total body irradiation, HLA human leukocyte antigen, HCT hematopoietic stem cell transplantation, CNI calcineurin inhibitor, GVHD graftversus-host disease, CD cluster of differentiation, Ig immunoglobulin a Responders were defined as patients who achieved seroconversion and/or seroprotection for at least one influenza antigen [21, 22] . IgM levels typically recover during the first 2-6 months, while IgG levels become normalized at 3-18 months after allo-HSCT, and the reconstitution of IgA may be delayed for up to 3 years [23, 24] . Furthermore, most B cells produce IgM, rather than IgG or IgA, during the first 2 years after allo-HSCT [25] . On the other hand, serum IgG levels may also reflect production from long-lived host plasma cells, which can persist for up to 2 years because of their resistance to the preparative regimen and radiation [26, 27] , and IgG levels may not be correlated with B-cell reconstitution after allo-HSCT. Based on these factors, and the findings of the present study, lower serum IgM levels at the vaccination may be a more accurate marker of B-cell reconstitution after allo-HSCT, compared to serum levels of IgG or IgA.
The present study also revealed that moderate chronic GVHD and concurrent calcineurin inhibitor therapy were associated with a lower serological response in the univariate analysis, although we did not observe any significant associations in the multivariate analysis. In contrast, previous studies have reported that these factors influenced immunogenicity after vaccination among allo-HSCT recipients [9, 12, 15, 28] . This relationship remains plausible, as these factors could be attributed to the prolonged reconstitution of B cells. This difference may also be related to the small sample size and absence of severe chronic GVHD in the present study, which could limit the accuracy of our analysis. For example, the number of patients with moderate/severe chronic GVHD and immunosuppressive treatment may affect the apparent response to the TIV. Additional large-scale studies are needed to clarify the relationship between these factors and the immunogenicity of the influenza vaccine.
Various strategies have been considered to enhance immunogenicity after vaccination among allo-HSCT recipients. Although several investigators have evaluated a twodose influenza vaccine with an adjuvant among allo-HSCT recipients, this approach remains controversial [12, 28, 29] . Nevertheless, guidelines from the collaboration of several international organizations suggest that two doses of the influenza vaccine could be contemplated if the vaccine is administered at <6 months after allo-HSCT [30] . In contrast, Halasa et al. have recently reported that allo-HSCT recipients achieved a better immunogenicity after receiving a high-dose TIV, compared to the standard vaccination [31] . However, the clinical efficacies of these novel strategies might not be conclusive, based on the small number of enrolled patients. Therefore, large randomized trials are needed to confirm the efficacies of theses novel strategies.
This study has several limitations. First, as previously described, the small sample size may limit the accuracy of our analysis. The effect of chronic GVHD on the apparent immunogenicity of the vaccine might also have been stronger if the cohort was larger and included more patients with moderate or severe chronic GVHD. In addition, the median time from allo-HSCT to vaccination was very long, with only five patients being vaccinated at 1-2 years. Furthermore, only one patient was >60 years at vaccination and majority of patients (93%) had already received at least one influenza vaccine after allo-HSCT. Thus, these patients' characteristics could have introduced unrecognized bias that might have influenced the TIV response rates. Second, as with previous studies, we included patients who received a transplant from various stem cell sources. However, because immune reconstitution after allo-HSCT and response to the vaccine might vary according to the stem cell source, further studies are needed to identify any source-specific differences. Third, the existing studies (including ours) have only evaluated responses to the influenza vaccine using the humoral response to one or more vaccine strains at various endpoints. However, no studies have focused on vaccine efficacy among allo-HSCT recipients. Therefore, we should clarify the vaccine's effects on the incidences of influenza infection, morbidity, and mortality in clinical trials.
In conclusion, our study revealed that low serum IgM levels at the vaccination were associated with a poor serological response to the TIV among long-term survivors vaccinated at >1 year after transplantation. Despite the study's limitations, our findings suggest that serum IgM levels may be a clinically useful predictor of immune response, given that these data are easily accessed, even in the outpatient setting. However, additional steps are needed to improve the immunogenicity of the influenza vaccine, and other effective approaches are needed to optimize the vaccinespecific immune response among long-term allo-HSCT survivors who have low serum IgM levels.
